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Abstract A humidity sensor based on KCl-doped nanoporous Ti0.9Sn0.1O2 has been developed by the
sol–gel method and Pluronic P123 as the organic template on alumina substrates, and their humidity
sensing properties have also been also investigated at different sintering temperatures. It is found that
50 mol% KCl doped nanoporous Ti0.9Sn0.1O2 thin film, sintered at 500 °C for 4 h, shows the best humidity
sensing properties, and its impendence decreasesmore than four orders ofmagnitude from109Ω to 105Ω
with good linearity in the Relative Humidity (RH) range of 11%–95% at 25 °C. The response and recovery
time of this sensor are about 11 and 14 s, respectively. High sensitivity, narrow hysteresis loop, rapid
response and recovery, prominent stability and good repeatability are obtained. A possible mechanism is
suggested to explain the humidity sensitive properties.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Monitoring and controlling environmental humidity in
many different fields, such as nuclear power reactors, domestic
comfort and industrial processes, are highly necessary [1–5].
In recent years, ceramic humidity sensors, based on porous
and sintered oxides, have received much attention, due to
their chemical and physical stability [6–8]. Furthermore, the
nanoporous thin film types, having nanosized grains and a
nanoporous structure, are optimal candidates for humidity
sensors, because of the miniaturization of sensing elements
and high surface area [9–12], which facilitate the adsorption of
water molecules.
TiO2, SnO2 and their mixtures are widely applied to
various sensors, and their selectivity could be modified for
a particular sensor type by doping the metallic oxide with
different elements [13–17]. It was found that nanoporous
Ti0.9Sn0.1O2, showing over a three-order decrease in resistivity
∗ Corresponding author. Tel.: +98 21 77491204; fax: +98 21 77240516.
E-mail address: anbia@iust.ac.ir (M. Anbia).
Peer review under responsibility of Sharif University of Technology.
1026-3098© 2012 Sharif University of Technology. Production and hosting by Els
doi:10.1016/j.scient.2012.01.007in the humidity range of 20–90 RH%, has the highest humidity
sensitivity [18].
The addition of alkali ions was found to be beneficial for
the improvement of the humidity-sensing characteristics of a
number of ceramics; particularly TiO2 based materials [19–22].
In this work, we report the preparation and humidity sens-
ing properties of different samples of nanoporous Ti0.9Sn0.1O2
thin filmswith varied contents of KCl. These are prepared by the
sol–gel method with Pluronic P123 as the organic template at a
humidity range of 11%–95% at room temperature. The 50 mol%
KCl doped nanoporous Ti0.9Sn0.1O2 thin film, sintered at 500 °C
for 4 h,when comparedwith other samples, shows high humid-
ity sensing properties. The results offer an effective approach to
understanding and designing TiO2-based humidity sensing thin
films.
2. Experimental
2.1. Preparation of samples
The nanoporous thin films were prepared by the sol–gel
technique. In the typical experiment, 0.9mol tetrabutyl titanate
and 0.1mol SnCl2·2H2Owere dissolved in adequate ethanol and
HCl, and vigorously stirred. 72 g triblock copolymer pluronic
P123 (MW 5800, Aldrich) was dissolved in adequate ethanol
and acetic acid (P123 was added to make the nanoporous
evier B.V. Open access under CC BY-NC-ND license.
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structure). The molar ratios of the resulting sol were controlled
as follows: (Ti:Sn:P123:EtOH:HAC:HCl) 0.9:0.1:0.0124:15:3:1.
Then, solutions were mixed and divided into six groups, and
definite amounts of KCl were, respectively, added into the
mixed solutions and strongly stirred to form different KCl-
doped composite sols. To avoid the precipitation, a chelating
agent, acetyl acetone, was added at the required mole ratio to
completely complex the metal species. The sols were aged for
5 days at 30 °C. After ageing, the as-prepared KCl-doped gels
were sintered at different temperatures for 4 h. The KCl-doped
nanoporous powders were ground and mixed with deionized
water at a weight ratio of 100:25 to form a paste. The paste was
screen-printed on the alumina plate (9 mm × 3 mm, 0.5 mm
in thick) with seven pairs of Ag–Pd interdigitated, and then
dried in the air at 100 °C for 5 h. The schematic diagram of the
humidity sensor is shown in Figure 1.
2.2. Measurements
The characteristic curves of the humidity sensitivity were
measured on an Agilent model LCR analyzer (E4980A, USA).
Applied voltage was AC 1 V, and the frequency was 50 Hz.
The RH range of 11%–95% was obtained using saturated
salt solutions as the humidity generation sources. The nine
different saturated salt solutions were LiCl, CH3CO2K, MgCl2 ·
6H2O, K2CO3, Mg(NO3)2, KI, NaCl, KCl and KNO3, and their
corresponding RH values were 11%, 23%, 33%, 43%, 53%, 69%,
75%, 85% and 95% RH, respectively [23]. The humidity and
temperaturewere calibrated by a humidity-temperature digital
instrument (HT-3015 type, Lutron, Taiwan).
2.3. Characterization
X-ray Powder Diffraction (XRD) patterns were obtained on
a Philips X’PERT MPD diffractometer using Cu–Kα1 radiation.
Figure 2 shows the XRD patterns of 50% KCl doped nanoporous
samples sintered at different temperatures for 4 h. TiO2 exists
mainly in two crystallographic structures, anatase (JCPDS# 73-
1764) and rutile (JCPDS# 87-0710). The nanoporous samples
are mainly composed of anatase TiO2. In addition, weak signals
that can be attributed to rutile and SnO2 are observed. It can be
found that by increasing the temperature, the crystallographic
structure of TiO2 slowly changes from anatase to a mixture
of anatase and rutile. A Scanning Electron Microscopy (SEM)
image was observed using a Tescan VEGA device, Czech, afterFigure 2: XRD pattern of 50% KCl doped nanoporous Ti0.9Sn0.1O2 samples
sintered at different temperatures: (a) 400 °C; (b) 500 °C; (c) 600 °C; and
(d) 700 °C.
Figure 3: The SEMmicrograph for 50% KCl doped nanoporous Ti0.9Sn0.1O2 thin
film sintered at 500 °C.
gold-plating of the samples. Figure 3 shows the SEM image of
nanoporous 50% KCl doped Ti0.9Sn0.1O2 thin film sintered at
500 °C. The SEM image reveals that the film posseses the grain
size of nanometer order, and has a nanoporous structure with
homogeneous size distribution. It means that such a structure
is likely to facilitate the adsorption process of water molecules,
because of the capillary pore and large surface area.
3. Results and discussion
3.1. Humidity-sensing properties
Figure 4 shows the humidity sensing properties of pure
and KCl doped nanoporous samples in terms of impedance
variation, as a function of Relative Humidity (RH), at a fixed
temperature of 25 °C. With increasing RH, the impedance of
each sample becomes smaller. However, their decrease rates
are quite different. It can be seen that the sensitivity of the
samples varies with the K+ concentration, and 50% KCl doped
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Ti0.9Sn0.1O2 sintered at 500 °C, measured at 1 V, 50 Hz and room temperature.
nanoporous thin films, at all sintering temperatures, show
much better linearity of the correlative curve than 30%, 40%,
60%, 70% KCl doped and pure films. It can also be found
that at any sintering temperature, the 50% KCl doped sample
always presents the best sensitivity and linearity. However,
the impedance of the film that is sintered at 500 °C decreases
linearly by more than four orders of magnitude with increasing
RH, from 11% to 95%, and exhibits an excellent exponential
relationship and the highest humidity sensing performance
among all the samples.
Hysteresis curves exhibit the humidification and desiccation
processes of humidity sensors. The hysteresis loop of the 50%
KCl doped nanoporous sintered at 500 °C for the adsorption
and desorption behavior of sensing is shown in Figure 5. This
process was measured over the whole humidity range at 1 V,
50 Hz, and room temperature. This sample exhibited a narrow
hysteresis loop. The linearity with the narrow hysteresis loop
means that the facility of the adsorption and desorption process
of water vapors, and hence the sensitivity are increased.Figure 6 gives the response—recovery properties and
stability of the 50% KCl doped nanoporous Ti0.9Sn0.1O2 thin
film sintered at 500 °C. The response and recovery time are
two important parameters to characterize the sensor. Response
time, in the case of the adsorption process, and recovery time,
in the case of desorption, are defined as the time taken by
the sensor to achieve a 90% variable quantity. As shown in
Figure 6a, the response and recovery times of 50% KCl doped
nanoporous Ti0.9Sn0.1O2 thin film sintered at 500 °Cwere about
11 and 14 s, respectively, when RH changes from 11% to 95%
RH. The results indicate that this sensor has rapid response
and recovery characteristics. Figure 6b gives the response and
recovery properties and repeatability of the sensor for ten
cycles. It can be seen that the peak values almost never change,
implying the good repeatability of this sensor. Tomeasure long-
term stability under natural conditions, this sensorwas exposed
to air for one month and the impedance was measured at 11%,
33%, 53%, 69% and 95% RH. As shown in Figure 6c, there are
minor changes in impedance confirming the good stability of
this sensor.
3.2. Sensing mechanism
The large decrease in impedancewith the increase in relative
humidity in oxide films is related to the adsorption of water
molecules on the film surface with a large surface area and
capillary pores. At low humidity, only a few water molecules
are adsorbed. Since the coverage of water on the surface is
not continuous, the electrolytic conduction is difficult and the
impendence is relatively high. At high humidity, one or several
water layers are formed among the nanoporous thin film,which
accelerate the transfer of H3O+.
Because of the dissociative adsorption of water at Ti3+
defect sites on the surface of the particles, TiO2 is known to
be hydrophilic [24]. Sn4+ doping decreases the particle size,
thus increases the surface area and capillary pores leading to
more active sites available for condensed water to react [18].
The addition of K+ affects the microstructure of the material,
causing changes such as the specific surface area, grain size and
average pore size [20,21]. In our product, the improvement in
humidity sensing performance at low RH is due to the direct
contribution of K+ to the conduction. K+ can be amobile carrier,
and there is an increase in the number of conduction carriers.
The 50% KCl doped nanoporous Ti0.9Sn0.1O2 thin film has nano-
sized grains and nanopores as shown in Figure 3. The nanoscale
M. Anbia, S.E. Moosavi Fard / Scientia Iranica, Transactions C: Chemistry and Chemical Engineering 19 (2012) 546–550 549Figure 6: Response and recovery curve of the 50% KCl doped nanoporous Ti0.9Sn0.1O2 thin film sintered at 500 °C, measured for: (a) 1 cycle and (b) 10 cycles.
(c) Stability of the sensor after exposing in air for 30 days.grain size leads to manymore grain boundaries, and nanopores
lead to more active sites available for condensed water to react.
P123 is used as the template to obstruct contact between
the precursor and water molecules. Therefore, these particles
are induced to grow, following the polymeric array in the
solvent, to make the nanoporous structure and increase the
surface area and pore volume of the samples. Nanoporous thin
films, because of the high surface area of the sensing element
that facilitates the adsorption of water molecules, improve the
humidity sensing properties of sensors.
4. Conclusions
A humidity sensor has been developed, based on KCl
doped nanoporous Ti0.9Sn0.1O2 thin film, prepared by tri-block
copolymer Pluronic P123 as the organic template and using
the sol–gel method. 50 mol% KCl doped nanoporous thin film
sintered at 500 °C shows the best sensing characteristics, such
as super sensitivity, narrow hysteresis loop, rapid response
and recovery, prominent stability, good repeatability, wide
range of response from 109 to 105  in the humidity range of
11 RH%–95 RH%, and good linearity. The response and recovery
time of this thin film are about 11 and 14 s, respectively.
With the directing function of the surfactant P123 in the
aqueous solution, the newly produced aggregates form a
nanoporous structure. All the results suggest that 50% KCl
doped nanoporous Ti0.9Sn0.1O2 thin film sintered at 500 °C
could be very useful in fabricating effective humidity sensors.
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